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During replication in a typical eukaryotic cell, the cen-Kyoto 606-8502
tromere sequence is duplicated along with the chroma-Japan
tid DNAs, forming sister centromere DNAs and sister
kinetochores that are held together until anaphase. Dur-
ing this mitotic stage, rapid separation of sister chroma-Summary
tids takes place. Kinetochores associate with kineto-
chore microtubules that connect chromosomes withSister kinetochores are bioriented toward the spindle
the spindle poles: one end of the microtubules is boundpoles in higher eukaryotic prometaphase before chro-
to the kinetochores and the other end to the spindlemosome segregation. We show that, in budding yeast,
poles that serve as the microtubule organization centerthe sister kinetochores are separated in the very early
(MTOC). When the bipolar spindle is formed, sister kinet-spindle, while the sister arms remain associated. Bior-
ochores are bound to kinetochore microtubules that inientation of the separated kinetochores is achieved
turn are joined to one of the spindle poles. Biorientationalready after replication. Mtw1p, a homolog of fission
of chromosomes can thus be established in mitoticyeast Mis12 required for biorientation, locates at the
metaphase, with kinetochore microtubules exerting acentromeres in an Ndc10p-dependent manner. Mtw1p
pulling force on the sister chromatids to bring themand the sequences 1.8 and 3.8 kb from CEN3 and
toward the opposite poles. The opposing force againstCEN15, respectively, behave like the precociously sep-
pulling requires the presence of the connection betweenarated kinetochores, whereas the sequences 23 and
sister kinetochores. Defects in this connection may35 kb distant from CEN3 and CEN5 previously used
abolish correct chromosomal segregation as seen in theas the centromere markers behave like a part of the
cases of fission yeast mis6 and mis12 mutants (Taka-arm. Mtw1p and Ndc10p are identically located except
hashi et al., 1994; Saitoh et al., 1997; Goshima et al.,for additional spindle localization of Ndc10p. A model
1999). The kinetochore-microtubule interactions thusexplaining small centromeres and early spindle forma-
occur only during mitosis, and sister kinetochores aretion in budding yeast is proposed.
freed from microtubules in interphase. Kinetochores
may receive a signal that triggers shortening of the kinet-
Introduction ochore microtubules to pull chromosomes toward the
poles (e.g., Gorbsky, 1997).
A particular chromosomal DNA segment called the cen- We undertook a study of the budding yeast Saccharo-
tromere serves as the site for protein±DNA and protein± myces cerevisiae Mtw1p (mis twelve like), as its pre-
protein interactions to form a higher-order structure, the dicted amino acid sequence resembled that of the fis-
kinetochore, which ensures high-fidelity chromosome sion yeast Schizosaccharomyces pombe kinetochore
segregation in mitosis and meiosis (Allshire, 1997; Kar- protein, Mis12 (Goshima et al., 1999). As this would be
pen and Allshire, 1997). Centromere DNAs have been the first clear example of homologous kinetochore-
identified in diverse eukaryotic cells, and detailed ge- localized proteins between two evolutionarily distant
netic analyses show that their functional sizes range yeasts, it is of considerable interest to determine how
from the order of one hundred base pairs in budding they are functionally and structurally related. Behavior
yeast (Fitzgerald-Hayes et al., 1982) and tens of thou- of Mtw1p during the cell cycle is of particular interest,
sands of base pairs in fission yeast (Takahashi et al., because Mis12 colocalizes with the centromere DNAs
1992) to millions of base pairs in animals (Sun et al., throughout the cell cycle by associating with the inner
1997; Ikeno et al., 1998). Behavior of centromeres during nonrepetitive regions of each centromere. Budding
the cell cycle was investigated in animal cells that con- yeast kinetochore proteins have often been found to be
tain relatively large kinetochore structures (Rieder and located along the short spindle or near the spindle pole
Salmon, 1994). More recently, the identification of cen- bodies (SPBs) (Goh and Kilmartin, 1993; Meluh et al.,
tromere DNAs and kinetochore proteins in lower eukary- 1998; Hyland et al., 1999). In mis12-537 mutant cells,
otes allows the functional and structural dissection of the metaphase spindle is considerably expanded, and
kinetochores (e.g., Meluh and Koshland, 1997; Saitoh this expansion is proposed to be the basis for disrupting
et al., 1997; Meluh et al., 1998; Goshima et al., 1999; correct segregation of mitotic chromosomes (Goshima
Ortiz et al., 1999). Introduction of the green fluorescent et al., 1999).
There are two enigmatic features in the differences of
the kinetochores and spindles between S. pombe and³ To whom correspondence should be addressed (e-mail: yanagida@
kozo.biophys.kyoto-u.ac.jp). S. cerevisiae. First, the functional size of S. cerevisiae
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centromere DNAs is 100-fold smaller than that of S. (CHIP) method (Meluh and Koshland, 1997; Saitoh et
pombe (Fitzgerald-Hayes et al., 1982; Takahashi et al., al., 1997). Extracts prepared from formaldehyde-fixed
1992). This is not easily explained because the genome cells were sonicated to reduce the average DNA length
sizes of the two yeasts are roughly the same. The aver- to less than 1 kb and used for immunoprecipitation by
age size of individual chromosomal DNAs is several- anti-myc antibodies. Coprecipitated DNAs were ex-
fold longer in S. pombe than S. cerevisiae, as the number tracted and used as templates for polymerase chain
of S. pombe chromosomes is three, while that of S. reaction (PCR): the four primers used were CEN16,
cerevisiae is sixteen. As the largest chromosome XII of CEN3, a sequence 500 bp apart from CEN16, and an
S. cerevisiae does not greatly differ from the smallest AT-rich sequence located 24 kb distant from CEN3. Only
S. pombe chromosome III, the average chromosome the primers CEN16 and CEN3 coprecipitated with
size difference is not sufficient to explain such a large Mtw1p-8Myc (Figure 1B). The sequences 0.5 and 24
discrepancy in the centromere DNAs. Secondly, cell cy- kb apart from the centromeres were not present in the
cle timing for formation of the spindle differs greatly precipitates. Beads only or extracts without the Myc tag
between the two organisms. In S. pombe, the SPBs did not produce any amplification of the centromere
begin to have the MTOC activity for spindle formation DNAs. As a positive control, the gene encoding the au-
only after cells enter mitosis (Masuda et al., 1992), thentic centromere protein Ctf19p (Hyland et al., 1999)
whereas formation of the spindle in S. cerevisiae occurs tagged with Myc at the C terminus was integrated into
early in the cell cycle, probably during the S phase (Byers
the chromosome and found to coprecipitate with centro-
and Goetsch, 1975). Unbudded S. cerevisiae cells in the
mere DNAs at levels similar to Mtw1p-8Myc. These re-
G1 phase contain a single SPB, while very small spindles
sults demonstrated that Mtw1p physically interactedwith separated SPBs can be observed in cells with a
with the centromere DNAs; the sequence 500 bp distantsmall bud so that a high population of budded cells
from the centromere was no longer capable of inter-contains spindles of variable sizes. In sharp contrast,
acting with Mtw1p. The procedure of the above CHIPonly a small population of S. pombe growing cells con-
experiment was likewise performed with cell extractstain spindles: the period of spindle formation (prophase),
of a metaphase-arrested cdc16-1 mutant (Cdc16p is aconstant spindle length (metaphase and anaphase A),
component of the APC [anaphase promoting complex]/and spindle elongation lasts 1.5, 4.0, and 6.2 min, re-
cyclosome complex required for polyubiquitination ofspectively, within a cell cycle length of 130 min at 368C
mitotic cyclins and Pds1p; Irniger et al., 1995). No signifi-(Nabeshima et al., 1998).
cant difference was observed in the results obtainedIn this study, we show that a principal difference in
from asynchronous culture (data not shown), suggestingchromosome behavior during the cell cycle between the
that interaction occurs in both interphase and mitosis.two organisms lies in the timing for separation of sister
To determine whether coprecipitation of the centro-centromere DNAs. We found that, in S. cerevisiae, sister
mere DNAs with Mtw1p requires other centromere pro-centromere DNAs as well as sister kinetochores are al-
teins, we introduced an ndc10-1 mutation (Goh andready separated when the tiny spindle is formed. The
distance between separated sister centromeres/kineto- Kilmartin, 1993) into the Mtw1-8Myc integrated strain,
chores increased to nearly 1 mm in the medial short and the CHIP experiment was again performed. It is
spindle. The sister arms, however, remain associated known that budding yeast centromeres are associated
during this period, perhaps generating the opposing with the CBF3 complex, and the degree of interaction
force against pulling by kinetochore microtubules, and between the cen DNAs and CBF3 components was di-
separate only later in regular anaphase accompanied minished in ndc10-1 mutant at 368C, the restrictive tem-
by spindle extension. These surprising results challenge perature, as Ndc10p is an essential subunit of this com-
the currently held concept on timing of sister centromere plex (Sorger et al., 1995). As shown in Figure 1C, the
separation in this organism, but our finding helps to levels of both coprecipitated CEN16 and CEN3 were
explain a number of unique features in budding yeast severely diminished in ndc10-1 cultured at 368C for
spindles and kinetochores. 2.5 hr. Therefore, binding of Mtw1p to the centromere
DNA appears dependent on the presence of functional
Results Ndc10p.
Interaction of Mtw1p with Centromeres
in an Ndc10p-Dependent Manner
Mtw1p Is Essential for Cell Viability
To identify the gene product, the budding yeast MTW1
To determine whether the MTW1 gene is essential forgene was tagged with 8Myc at the 39 terminus and inte-
cell viability, a plasmid carrying the disrupted MTW1grated into the chromosome of the S. cerevisiae wild-
gene was made and introduced into the chromosometype strain W303-1a. Immunoblotting of cell extracts
of an S. cerevisiae diploid strain SP1/DC124 (Toda etfrom the integrated MTW1-Myc strain using anti-myc
al., 1985), replacing one of the two native MTW1 genesantibodies produced the expected 53 kDa band (Figure
by one step gene replacement (Rothstein, 1983). Gene1A, lane 2), whereas no band was detected in the control
disruption in heterozygous diploid cells was verified bynonintegrated W303-1a strain (lane 1). The tagged
PCR and Southern hybridization (data not shown). Tet-Mtw1p was functional, as plasmids carrying the MTW1-
rad dissection of spores derived from the heterozygousMyc gene conferred the ability to rescue gene disrupted
diploids showed 21:2- segregation: all the viable sporesmtw1 null cells (described below).
were Leu2 at 22±368C, showing that Mtw1p is requiredWe examined whether Mtw1p was the centromere-
bound protein using the chromatin immunoprecipitation for viability.
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Figure 1. Interaction of Mtw1p with Centromere DNAs
(A) Identification of Mtw1p by immunoblotting. The MTW1-Myc gene with native promoter integrated into the chromosome of wild-type W303-
1a is detected by anti-myc antibodies (lane 2). The nonintegrated control W303-1a (lane 1) does not produce any band.
(B) The CHIP method reveals interaction of Mtw1p with CEN16 and CEN3. Extracts of cells integrated with the MTW1-Myc gene were prepared
and were immunoprecipitated with anti-myc antibodies. PCR was applied for amplification of the coprecipitated DNAs using the primers of
CEN3, CEN16, the sequences 500 bp apart from CEN16, and those 24.5 kb apart from CEN3. For a negative control, only beads were used.
As a positive control, extracts of cells containing the integrated CTF19-Myc gene (Ctf19p is a nonessential centromere component [Hyland
et al., 1999]) were used. The lanes for input were the PCR products from extracts before immunoprecipitation.
(C) Interaction of Mtw1p with CEN16 and CEN3 depends on the presence of functional Ndc10p. CHIP was performed for extracts of wild-
type and ndc10-1 mutant integrated with the MTW1-Myc gene. ndc10-1 mutant cells were cultured at 23 and 368C for 2.5 hr. The levels of
the amplified centromere DNAs from ndc10-1 cultured at 368C were greatly reduced.
Temperature-Sensitive mtw1-1 Mutant Leads Cell division was temporally arrested at 368C, and cells
containing a single mitotic nucleus accumulated andto Unequal Chromosome Segregation
Knowing that the fission yeast mis12-537 mutation is a their frequencies peaked at 66% after 2 hr (data not
shown). The phenotypes of Mtw1p-depleted cells wereG to E substitution at the 52nd position in the N-terminal
region that is conserved between Mis12 and Mtw1p also examined by the shut-off experiment using the GAL
promoter, and phenotypes highly resembling that of ts(Goshima et al., 1999), we constructed an mtw1-1 mu-
tant containing a corresponding substitution at the 64th mutant cells were observed by Mtw1p depletion (data
not shown). This unequal segregation of chromosomesresidue from Gly (GGA) to Glu (GAG). Plasmid pMTW1-
1[trp] carrying the mutant gene G64E was used to re- at 368C was consistent with the instability of centro-
mere-containing plasmids in mtw1-1 at the semirestric-place the native MTW1 gene by integration using TRP1
as a marker (Experimental Procedures). The resulting tive temperature, 308C, by the colony color assay
method (data not shown).mutant designated mtw1-1 was found to be temperature
sensitive (ts) as mis12-537, and this ts phenotype could
be rescued by transformation using pMTW1. Expanded Metaphase Spindle in mtw1-1
The metaphase spindle of the fission yeast mis12-537The phenotype of mtw1-1 was investigated in the syn-
chronous culture using a factor (10 mg/ml) at 268C for mutant was 60% longer than that of the wild-type (Go-
shima et al., 1999). To determine whether the metaphase1 hr 40 min. Resulting G1-arrested mutant cells were
shifted to 368C and released after 20 min by washing spindle in mtw1-1 was also longer than normal, the dou-
ble mutant mtw1-1 cdc16-1 was constructed and cul-out a factor (time 0). Cells were collected at 20 min
intervals, and cellular phenotypes as well as the DNA tured at 368C. cdc16-1 is arrested in metaphase at the
restrictive temperature. The size of the metaphase spin-content and cell viability were determined. Mutant cells
underwent S phase around 40±60 min (Figure 2A) and dle was determined by the distance between the SPBs
visualized by GFP-tagged Tub4p (g-tubulin homolog lo-then arrested with a large bud, short spindle, and a
single nucleus in the neck for about 40 min (76%±88% calized at the SPBs throughout the cell cycle; e.g., Per-
eira and Schiebel, 1997) expressed in the single cdc16-1from 100 to 140 min, shown in Figure 2B). Cell viability
started to decrease at 140 min in parallel with the ap- and the double mtw1-1 cdc16-1 mutant cultured at 368C
for 3 hr (Figure 2E). Cells were fixed and stained withpearance of cells with elongated spindles accompa-
nying unequally segregated chromosomes (C and D). DAPI. In the double mutants, the frequency of large
budded cells with a single nucleus reached 80% whileMutant cells thus entered mitosis but temporally ar-
rested with a short spindle followed by abnormal separa- that in the single mutants was approximately 50%. In
these cells, the distances between the SPBs were mea-tion of sister chromatids. Examples of DAPI-stained
mtw1-1 cells are shown in the left panel of (D). Unequal sured (Figure 2F). The average length of the mitotic spin-
dle in mtw1-1 cdc16-1 was found to be 2.7 6 0.8 mm,chromosome segregation along the spindle is also
clearly seen at the late mitotic stage (180 min) in mtw1-1 while that of the single cdc16-1 mutant was 1.8 6 0.6
mm. The spindle length therefore increased 50% in thecells stained by DAPI (DNA) and anti-tubulin antibody
(TUB). Cells revealing aberrant segregation reached background of mtw1-1, consistent with the aberrantly
expanded metaphase spindle in the fission yeast mutant28%±34% after 160±180 min (B). In asynchronous cul-
tures at 368C, consistent phenotypes were observed. mis12-537.
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Figure 2. Synchronous Culture of mtw1-1 at 368C
(A±C) For the synchronous culture, a factor (10 mg/ml) was used at 268C for 1 hr 40 min. G1-arrested mtw1-1 cells were transferred to 368C
and released after 20 min by washing out a factor (time 0). Cells collected at 20 min intervals were examined for DNA contents by FACS
analysis (A), and cellular phenotypes were determined by anti-tubulin antibody and DAPI stain (B and C) and cell viability (C). Percentages of
cells showing different mitotic phenotypes are tabulated in (B). Stages corresponding to S and G2/M are indicated by arrows in (C). Mutant
Preearly Centromere Separation in Budding Yeast
623
Figure 3. Kinetochore Localization of Mtw1p Requires Ndc10p
(A) Mtw1-GFP expressed by the chromosomally integrated gene was observed as one or two dots in wild-type cells. Hoechst 33342 was
used for DNA staining.
(B) Cells expressing Mtw1p were fixed and stained by anti-tubulin antibodies. Arrows indicate the position of SPBs.
(C) Images of a single living cell expressing Mtw1-GFP were taken at 1 min intervals for 30 min (numbers indicate min) at 268C. The time 0
was set when the distance between the two signals rapidly increased in anaphase. Circles illustrate the mother cell and bud.
(D) Dot-like localization of Mtw1p requires presence of functional Ndc10 protein. ndc10-1 mutant cells cultured at 268C (0 hr) showed normal
localization, whereas the dot-like signals disappeared after 2±4 hr at 368C. Wild-type control is shown. Bars, 10 mm.
(E) The level of Mtw1-GFP was maintained in ndc10-1 mutant cells at 368C. Mtw1p was detected by anti-GFP antibodies. Lane 1, wild-type
(W303-1a); lane 2, Mtw1-GFP in wild-type at 268C; lane 3, Mtw1-GFP in ndc10-1 mutant at 268C; lane 4, Mtw1-GFP in wild-type at 368C for
2.5 hr; lane 5, Mtw1-GFP in ndc10-1 at 368C for 2.5 hr.
Localization of Mtw1p along the Spindle the cells examined (Figure 3A). In unbudded G1 cells
(1,2), a single dot was always found at the peripheryThe MTW1-GFP gene was integrated onto the chromo-
some of wild-type cells to determine intracellular local- of the nucleus, whereas in budded cells with a single
nucleus (3±5), two dots were seen at variable distancesization. The dot-like GFP signal was clearly seen in all
was temporally arrested with the short spindle, followed by abnormal separation of sister chromatids.
(D) Left panel, DAPI-stained mtw1-1 cells revealing unequal segregation (an example indicated by arrow). Right panel, short spindle arrested
cells (120 min) and cells displaying unequal chromosome segregation at late stages with the long spindle or without (180 min). Bars, 10 mm.
(E and F) Spindle length is expanded in mtw1-1. Single cdc16 cells were arrested in mid mitosis at 368C revealing the short spindle (SPBs
visualized by GFP-tagged Tub4p). In the double mutant cdc16 mtw1, the metaphase spindle with longer length was made. Distribution of
spindle length is shown in (F).
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Figure 4. Mtw1p Colocalizes with the Sequences 1.8±3.8 kb from Centromeres but Not with Those Positioned 23 and 35 kb Distant from
Centromeres
(A) The TetO repeat integrated at the position 35 kb apart from the CEN5 previously used as the centromere marker (Michaelis et al., 1997)
does not colocalize with Mtw1-GFP. Micrographs obtained from nonfixed cells showing Mtw1-GFP and CEN5(35)-GFP taken by a confocal
microscope.
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(0.4±0.8 mm). It was surprising that two dots could al- Mtw1p Did Not Colocalize with DNA Sequences
30 kb Apart from the Centromeresready be seen even in cells with a small bud, considering
that Mtw1p was shown to interact with the centromeres We addressed the question of whether Mtw1p colocal-
izes with the sequences previously used as markersby the CHIP method. In late mitotic cells showing the
for the centromere-linked DNAs. For this purpose, wedividing nucleus (6), one dot was observed for each
constructed two strains integrated with the TetO repeatdaughter nucleus.
(TetO: Michaelis et al., 1997) situated approximately 35Positioning of Mtw1-GFP in regard to the spindle ap-
kb from CEN5 or the LacO repeat (LacO) that residesparatus could be assigned by simultaneously observing
23 kb from CEN3 (Straight et al., 1997) and also express-the images obtained by Mtw1-GFP and anti-tubulin anti-
ing the MTW1-GFP gene. We thus could observe simul-body (TAT1) in fixed cells (Figure 3B). The GFP signal
taneously the signals of the marker sequence andwas closely (but not identically, see results described
Mtw1p in the same cells. Results obtained suggestedin following sections) situated at the SPB in the unbud-
that these sequences did not colocalize with Mtw1-GFP.ded G1 cell (left), while two GFP signals were positioned
In single unbudded cells of the strain TetR-GFP Mtw1-near the SPBs of the short and long spindles (middle,
GFP, two GFP signals were always observed, while threeright). The arrows indicate the positions of the SPBs so
GFP signals (one intense and two relatively weak) werethat Mtw1p seems to be located slightly inward toward
detected in budded cells (Figure 4A, left). These resultsthe nucleus from the SPBs.
can be explained by presuming that Mtw1-GFP pro-The behavior of Mtw1-GFP in single living cells was
duced one and two signals in unbudded and buddedmonitored at intervals of 1 min (Experimental Proce-
cells, respectively, while the TetR-GFP produced onedures). Wild-type cells expressing Mtw1-GFP by the in-
intense signal until nuclear division in large budded cells.tegrated gene were observed at 268C (Figure 3C, the
GFP signals in the strain integrated with only the TetR-number indicates min). A budded cell initially revealing
GFP are shown at right as control. Basically identicala single ellipsoidal GFP signal at 221 min showed two
results were obtained for the LacI-GFP Mtw1-GFP straindots at 214 min, and their distance increased to about
(data not shown). We thus confirmed the behavior of1 mm around 24 to 0 min, followed by rapid spindle
the marker sequences used in the previous studies andextension (starting from 1 min). One of the two signals
found that these sequences apparently do not colocal-was seen to migrate into the bud at 3 min. Note that in
ize with Mtw1-GFP. The greater fraction of Mtw1-GFPour observation, separation of the GFP signals appeared
might not be present in the centromere regions. Alterna-to be continuous and did not apparently show any fea-
tively, the real centromere DNAs may be visualized dif-ture of ªbreathingº or reversible movements of associa-
ferently from the positions of the TetO or LacO se-tion and dissociation. However, such breathing could
quences used. These sequences were, in fact, quitetake place and might be unrecognized by our light mi-
distant from the actual CEN5 and CEN3 (approximatelycroscopy.
10 mm as naked DNA).
Ndc10p-Dependent Localization of Mtw1p Preearly Separation of the Sister Centromeres,
The interaction of Mtw1p with the centromere DNAs but Not the Arms, in Cells
revealed by the CHIP method requires Ndc10p. We with the Short Spindle
therefore examined whether intracellular localization of To examine the above possibilities, we constructed
Mtw1-GFP was dependent on the presence of functional strains integrated with the LacO repeats closer to the
Ndc10p. For this purpose, an ndc10-1 mutant containing actual centromere DNAs. One strain CEN3 (3.8)-GFP
the integrated MTW1-GFP gene was constructed and was constructed with the 10 kb LacO repeat integrated
observed at 368C (Figure 3D). Localization was normal at a position 3.8 kb from CEN3 with the marker gene
at 0 hr but no longer visualized after 2 and 4 hr at 368C. URA3, while another strain CEN15(1.8)-GFP contained
In control wild-type cells expressing Mtw1-GFP, normal integration of the LacO repeat at 1.8 kb distant from
signal was found after 4 hr at 368C. Disappearance of CEN15 (Experimental Procedures). We first examined
the Mtw1-GFP signal was not due to degradation of the behavior of CEN3 (3.8)-GFP during the cell cycle in
Mtw1-GFP, as the protein level did not decrease in comparison with that of CEN3 (23)-GFP 23 kb apart
ndc10-1 mutant cells after 2.5 hr at 368C as shown in from CEN3 in a strain in which two LacO repeats are
Figure 3E. Normal intracellular localization of Mtw1p integrated: one repeat 223 kb distant from CEN3 and
the other repeat 13.8 kb from CEN3 so that the physicalhence requires functional Ndc10p.
(B) The LacO repeat 23 kb distant from CEN3 previously used as the centromere marker (Straight et al., 1997) does not colocalize with the
other LacO repeat at 3.8 kb from CEN3 made in this study (the integrated strain made is illustrated at the top). Cells were fixed with ethanol
and observed by a fluorescence microscope.
(C) The sequence CEN15 (1.8)-GFP only 1.8 kb apart from CEN15 is similarly localized with Mtw1-GFP (Figure 3B). Positioning of the integrated
LacO repeat integrated 1.8 kb distant from CEN15 in relation to the spindle was determined by anti-tubulin (TUB) antibody staining.
(D) The LacO repeat integrated 3.8 kb distant from CEN3 is also similarly localized with Mtw1-GFP. In budded cells, two signals along the
short spindle were observed, while the signal was single in unbudded.
(E) The LacO repeat integrated 23 kb from CEN3 localizes differently from Mtw1-GFP. The GFP signal of CEN3(23)-GFP was clearly single in
budded cells with short spindle, and splitting of the signals occurred only in the long spindle. In (C)±(E), cells were formaldehyde fixed and
stained by anti-GFP and anti-tubulin (TAT1) antibodies. DNA was stained by DAPI. Bars, 10 mm.
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Figure 5. Distinct Localization of Centromere and Arm Signals in the Spindle and mtw1-1 Mutant
(A) Clustering of the two LacO repeats CEN15(1.8)-GFP and CEN3(3.8)-GFP integrated in the same strain is clearly seen in unbudded G1 cells
(panels 1 and 2). Clustering may persist, as only two signals were seen in the short spindle (panels 3±5). Three signals were only occasionally
seen in late nuclear division.
(B) The signals of Tub4-GFP (Tub4 is a g-tubulin homolog located at the SPBs) and CEN15(1.8)-GFP visualized in the same cells are closely
connected. Intense Tub4-GFP signals are indicated by the arrows. Separated sister centromere signals are on the inner side along the spindle.
(C) Double labeling experiment was done in wild-type cells expressing CEN15(1.8)-GFP and Mtw1-Myc. GFP and Myc were visualized in the
same cells by FITC and rhodamine, respectively. Their signals were nearly identical, but the signal of CEN15(1.8)-GFP is often off center of
the signals derived from Mtw1p-Myc (see text).
(D and E) In wild-type cells containing the short spindle, positions of CEN [CEN15(1.8)-GFP] and ARM [CEN3(23)-GFP] signals were determined
by the coordinates (x/L and y/L) and plotted in (D) and (E), respectively. Spindle length is L, with an average of 1.4 6 0.2 mm for CEN15(1.8)
and 1.5 6 0.2 mm for CEN3(23). x and y are defined in the text. Each pair of split CEN signals shown by letters (D) is situated closely to the
spindle and the spindle poles. However, the arm signals are always seen as single dots (E) and centrally distributed but away from the spindle
axis.
(F) mtw1-1 mutant cells containing CEN15 (1.8)-GFP were cultured at 368C for 2±3 hr and observed after anti-tubulin antibody staining. Two
examples of mutant cells exhibiting the spindle with abnormal sister centromeres are shown (arrow indicates the single signal, see text). Bars,
10 mm.
distance of these two repeats was 27 kb. As shown in regard to the spindle, CEN15(1.8)-GFP cells were ob-
served after anti-tubulin (TUB) antibody staining (FigureFigure 4B, two GFP signals were seen in most unbudded
G1 cells, while in budded cells, three and infrequently 4C). In unbudded G1 cells, the GFP signal was single,
locating near the SPB. In budded cells with short spin-four GFP signals were observed. These results strongly
suggested that the two LacO repeats behaved differ- dles, two signals were clearly observed along the short
spindle. Even in tiny spindles, the GFP signals were splitently in the cell cycle.
In the strain CEN15(1.8)-GFP containing the singly into two within the resolution of light microscopy (z0.3
mm). These results suggested the preearly separationintegrated LacO repeat, the GFP signal was indistin-
guishable from that of Mtw1-GFP (data not shown). To of sister centromeres in the short spindle. In anaphase
cells containing elongated spindles, the signals weredetermine precisely the position of the GFP signal in
Preearly Centromere Separation in Budding Yeast
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located near the end of the spindle. These results are of sister centromeres, whereas CEN15(1.8)-GFP reveals
identical to the localization of Mtw1p. Similar results only one centromere DNA, so that the signal of CEN15
were obtained for the strain integrated with CEN3 (3.8)- (1.8)-GFP is often off center of the signals derived from
GFP (Figure 4D). As a control, cells containing the LacO Mtw1p-Myc.
repeat 23 kb apart from CEN3 are shown in Figure 4E.
The GFP signal was still single in budded cells with the Distinct Localization of Sister Centromeres
short spindle, and separation occurred only in the long and Arms in Mitotic Cells
spindle. The same results were obtained for the other To determine how sister centromeres and arms are
integrated repeat 35 kb apart from CEN5 (data not positioned relative to the spindle, CEN15(1.8)-GFP or
shown). We interpret these results to mean that the CEN3(23)-GFP signals were measured in wild-type cells
regions 23 or 35 kb apart from CEN3 and CEN5, respec- stained by anti-tubulin antibodies. The following dis-
tively, behave actually as parts of the arms, which remain tances were measured: spindle length (L), distances be-
associated until spindle extension, rather than the cen- tween the GFP signals and the vertical line running
tromeric DNAs. We further constructed strains that con- across the spindle poles (x), and distances between
tained a reduced LacO repeat length from the initial 10 signals and the spindle axis (y). Thus, x/L and y/L deter-
to 4 kb and also of only 1 kb in the CEN3(3.8)-GFP strain. mine the relative positions of signals in the spindle ma-
Behavior of the signals in these strains with 4 and 1 kb trix (5D and 5E). For CEN15(1.8)-GFP, 92% of cells
LacO length during mitotic cell cycle was identical to showed two signals, whereas 96% of cells containing
that of 10 kb LacO strain, although the intensity of the CEN3(23)-GFP produced only one signal. The cen sig-
GFP signals was progressively weakened (data not nals (5D) were positioned near the spindle axis and the
shown). This result completely eliminates the possibility spindle poles, absent from the central region of the spin-
that precocious sister centromere separation is caused dle. The arm signals (5E), however, were centrally distrib-
by the insertion of the long 10 kb LacO repeats near the uted but away from the spindle axis. These results are
centromeres. Furthermore, chromosome segregation of consistent with the notion that the centromeres are al-
those strains integrated with the LacO repeats was ex- ways separated while the arms are continually associ-
amined by tetrad dissection and found to produce nor- ated. Two broad peaks of frequencies of the CEN signals
mal segregation pattern (data not shown). were approximately 0.3±0.4 mm distant from the vertical
line running across the spindle poles, suggesting that
Clustering of Centromere and Mtw1p Signals and the separated centromeres are not directly associated
Their Localization Distinct from the SPBs with the SPBs.
To determine mutual localization patterns of different Established biorientation of sister centromeres in the
centromere DNAs, a strain containing two LacO repeats short spindle was frequently abolished in mtw1-1 mutant
CEN15(1.8)-GFP and CEN3(3.8)-GFP was constructed cells after 2 hr at 368C. Mutant cells containing CEN15
and observed. One or two closely situated dots were (1.8)-GFP were cultured at 368C for 2±3 hr, and the num-
seen in unbudded cells (Figure 5A, panels 1 and 2), ber of GFP signals along the spindle was counted. Ini-
indicating that the two cen signals were closely situated tially, 90% cells showed two separated signals, but that
or formed a cluster. Only two signals were found in many value decreased to 57% after 3 hr. A single signal on
budded cells (panels 3±5), suggesting that clustering the spindle was seen in 42% of the cells (an example
of centromere DNAs took place even along the short shown in the upper panel of 5F). Another example of
spindle. More than two signals were seen in cells at the aberrant cells exhibiting abnormal segregation of sepa-
late stage of nuclear division (panel 6). rated sister centromeres is shown in the lower panel.
We then examined how close the centromere DNA
signals were located to the SPBs. For this purpose, cells
Effect of Nocodazole and Hydroxyurea on Sisterintegrated with the LacO repeat of CEN15 (1.8)-GFP and
Centromere Separationexpressing GFP-tagged g-tubulin (Tub4p, an essential
To determine whether sister centromeres remainedcomponent of the SPBs) were used. The signals of Tub4-
separated when the spindle is damaged, the strainGFP and CEN15(1.8)-GFP were closely but never identi-
CEN15(1.8)-GFP was observed after addition of nocoda-cally located within the resolution of light microscopy,
zole (15 mg/ml). Ninety six percent of cells having a largesuggesting that the distance between the two signals
bud showed single dots in the presence of nocodazoleexceeded 0.3 mm. For cells containing the short spindle,
(Figure 6A). The FACS analysis indicated that the cellsthe signals derived from the CEN15(1.8)-GFP were
contained 2C. Similar results were obtained in cells con-clearly located apart from the Tub4-containing SPBs
taining the GFP signal from the arm CEN3(23)-GFP. Dis-(indicated by the arrows), residing in the interior side
ruption of the spindle structure thus appeared to inducetoward the center of the spindle (Figure 5B). GFP signals
reassociation of the sister centromeres. Consistently,in the strain singly integrated with the Tub4-GFP are
the once separated SPBs were pulled so close to eachshown at the bottom as control. These results suggested
other by depolymerization of the microtubules in thethat the centromere DNAs were connected with the
presence of nocodazole that they could not be resolvedSPBs by kinetochore microtubules.
by light microscopy (Jacobs et al., 1988). To confirmTo demonstrate that Mtw1p is colocalized with CEN
that sister centromeres reassociated in the presence ofDNA, double labeling was performed in the wild-
nocodazole, cells were first uniformly arrested in meta-type cells by immunofluorescence microscopy using
phase in cdc16-1 mutants at 368C for 3 hr, and thenCEN15(1.8)-GFP and Mtw1-Myc. GFP and Myc were
nocodazole was added. As shown in Figure 6B, twovisualized in the same cells by FITC- and rhodamine-
CEN15-GFP dots seen in 85% of metaphase-arrestedconjugated antibodies. Their signals were nearly identi-
cal (Figure 5C). Note that Mtw1p binds to all 16 pairs cells remained in only 5% of cells after the addition of
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Figure 6. Behavior of CEN DNAs under Spindle and Replication Checkpoint Control
(A) Two strains integrated with the LacO repeat at the position 1.8 kb from CEN15, CEN15(1.8)-GFP, or 23 kb from CEN3, CEN3(23)-GFP were
blocked by the addition of nocodazole for 2.5 hr at 268C. The GFP signals observed became single in both strains when cells were blocked
with a large bud.
(B) cdc16-1 mutant cells containing CEN15(1.8)-GFP were grown exponentially at 208C and then arrested at metaphase at 368C for 3 hr in
the absence of nocodazole, followed by further culture at 368C for 1.5 hr in the absence or the presence of nocodazole (15 mg/ml). Cells were
collected and fixed by ethanol, followed by DAPI staining. Typical example cells of different treatments are shown.
(C) The CEN15(1.8)-GFP strain was blocked by hydroxyurea, and the GFP signals were observed. Bars, 10 mm.
nocodazole. Turning off spindle force thus led to reasso- to visualize Mtw1p and Ndc10p by different colors in
the same cells. For this end, Ndc10-GFP and Mtw1-ciation of sister centromeres.
We then tested whether sister centromeres were sep- CFP (cyan fluorescent protein) were constructed and
integrated into the chromosome. First, single colorarated in the presence of hydroxyurea (HU) using the
CEN15(1.8)-GFP strain as above. The FACS pattern indi- Ndc10-GFP was observed in concert with anti-tubulin
staining (Figure 7A). Ndc10-GFP was seen as a singlecated the 1C DNA peak in the presence of hydroxyurea
(100 mM) at 268C for 2.5 hr. Twenty-nine percent of HU- dot in cells without buds and two dots in budded cells
as reported previously (Goh and Kilmartin, 1993). Noteblocked cells showed two CEN15(1.8)-GFP dots (71%
were single), whereas only 7% of the CEN3(23)-GFP that the GFP signals in the short spindle are always
toward the interior of the spindle as is Mtw1p, beingstrain cells showed two signals (Figure 6C). These re-
sults were confirmed in two independent experiments. discrete from the localization of the SPBs. Additional
localization along the spindle was found for Ndc10-GFP,This might be due to early timing of replication in the
centromeres. particularly intense in late anaphase. In cells coexpress-
ing Ndc10-GFP and Mtw1-CFP (Figure 7A, right), these
two proteins were observed using appropriate filters andDouble Color Labeling of Ndc10 and Mtw1
To compare the localization of Mtw1p with that of found to be localized identically except for the additional
presence of Ndc10-GFP in the spindle between sisterNdc10p, an authentic kinetochore protein, we attempted
Preearly Centromere Separation in Budding Yeast
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Figure 7. Behavior of Centromeres/Kinetochores during the Cell Cycle of Budding Yeast
(A) Left panel, cells integrated with Ndc10-GFP were observed after staining by DAPI and anti-tubulin antibody. Right panel, cells expressing
integrated Ndc10-GFP and Mtw1-CFP were photographed after ethanol fixation. See text for explanation. Bars, 10 mm.
(B) Sister centromeres (red circle) are separated at an early stage in cells containing the very short spindle during or after the S phase. The
sister arms (cross) are separated later during anaphase spindle extension. Short kinetochore microtubules (0.3 mm long; Winey et al., 1995
and O'Toole et al., 1999) appear to connect the spindle poles with the precociously separated sister centromeres in the short spindle.
Localization of Mtw1p (yellow) and Ndc10p (green) is also shown.
centromeres (dim fluorescence along the short spindle fungi, suggesting that this family of proteins is con-
served in higher eukaryotes. An emerging concept frombut intense in the long spindle). These results confirm
that Mtw1p is a kinetochore protein and that CEN DNA the present study is that establishment of the biorien-
tated sister kinetochores is a crucial aspect leading tois colocalized with two kinetochore proteins, Ndc10p
and Mtw1p. Ndc10p may interact with pole to pole mi- correct sister chomatid separation, and this may be gen-
erally true for all organisms. Timing of sister kinetochorecrotubules as suggested previously (Goh and Kilmartin,
1993). separation is probably variable among species, and
budding yeast may belong to the earliest, as demon-
strated in this study. In fission yeast, transient splittingDiscussion
of centromere-linked sequences occurs only in prometa
and metaphase (Nabeshima et al., 1998). Similarly, theWe show that a novel budding yeast kinetochore protein
Mtw1p resembling fission yeast inner centromere pro- centromeres in newt lung cells under tension are
stretched in prometaphase and metaphase (Waters ettein Mis12 is essential for cell viability and that its spe-
cific interaction with the centromeres requires Ndc10p, al., 1996). In budding yeast, nearly full sister centromere
separation in the medial-sized spindle seems to be al-a component of the CBF3 kinetochore protein complex.
The ts mtw1-1 mutant induces the formation of longer lowed by association of the sister arms until anaphase.
The arm association likely generates an opposing forcemetaphase spindles and leads to unequal segregation
of sister chromatids. These results are similar to those against pulling by the spindle. Our results strongly sug-
gested that precocious centromere separation wasobtained for Mis12 (Goshima et al., 1999). Mis12/Mtw1p-
like proteins are also found in the genome of filamentous ªpermanentº or continuous after replication, but very
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fast breathing by spindle dynamics might not be recog- only during mitosis and are shortened to pull the sepa-
rated sister kinetochores toward the opposite poles innized due to limitation of light microscopy.
anaphase. In metaphase, there are ªpairedº kinetochoreIn the early stage of this investigation, the unexpected
microtubules that are associated with nonseparated sis-localization behavior of Mtw1-GFP during the cell cycle
ter kinetochores of one chromosome (Ding et al., 1993).raised the question whether Mtw1-GFP really coloca-
Our results predict that, in budding yeast, such pairedlized with centromeres, as its pattern strikingly differed
kinetochore microtubules may be lost in the short spin-from that of the previously used centromere-linked LacO
dle, as the sister kinetochores are separated and situ-or TetO sequences (Michaelis et al., 1997; Straight et
ated near the poles. Thin-section electron microscopyal., 1997): the reported signals were single until the stage
(Winey et al., 1995) indeed produced microtubule im-of sister chromatid separation, suddenly splitting into
ages consistent with this. The postulated kinetochoretwo almost simultaneously with anaphase spindle ex-
microtubules are only 0.3±0.4 mm long in the short spin-tension. In sharp contrast, the signals of Mtw1-GFP were
dle present in the mother cells. A sufficient number ofalready separated and localized near SPBs in cells con-
such polar microtubules can be counted to allow fortaining the short spindle. The distance between the con-
one to associate with each kinetochore and several totinually separated signals of Mtw1p was initially tiny but
form an interpolar spindle. The presence of such 0.3±0.4increased to nearly 1 mm as the spindle reached medial
mm kinetochore microtubules is also consistent with thesize in the mother cells (illustrated in Figure 7B). This
localization of sister centromeres visualized in this studyapparent discrepancy in localization patterns was solved
(Figure 5D). Note that electron microscopy fails to revealwhen we employed other strains containing LacO repeat
kinetochore structures in budding yeast so that identifi-sequences that were integrated at positions much
cation of kinetochore microtubules by electron micros-closer to the centromeres than those used before (1.8±
copy is not unambiguous.3.8 kb apart from CEN15 and CEN3 in this study instead
The stage to increase the pole to pole distances calledof 23±35 kb from CEN3 and CEN5 in the previous study).
anaphase B perhaps occurs when sister arms are sepa-We found that these closer sequences colocalized with
rated. Are kinetochore microtubules shortened, and, ifMtw1p and Ndc10p. These and other results led us to
so, when are they shortened? O'Toole et al. (1999) pro-conclude that the signals in the previous reports repre-
posed that shortening might occur after spindle elonga-sented behavior of the arm sequences rather than the
tion, suggesting that the decrease in the distance be-centromeres and that budding yeast sister kinetochores
tween the kinetochores and the poles (anaphase A)are precociously separated. A principal feature of bud-
might take place in telophase after full spindle elonga-ding yeast chromosomes during the cell cycle may thus
tion. A similar conclusion was obtained for another bud-be the distinct timing of separation between sister cen-
ding yeast, Candida albicans (Chibana and Tanaka,tromeres/kinetochores and sister arms. Precocious sep-
1996). Rapid trafficking of a set of separated sister chro-aration of sister kinetochores may be necessary for bior-
matids through the narrow neck in anaphase B mightientating them toward the spindle poles. This result is
require avoidance of their clustering around the poles,consistent with a recent report showing that centro-
so that each might be associated with kinetochore mi-mere-containing plasmids separate precociously (Ta-
crotubules for successive trafficking of separated indi-naka et al., 1999). Our finding implies that once biorienta-
vidual chromatids through the neck, delaying the timingtion of the sister kinetochores is established, precocious
of an anaphase A±like event until telophase.kinetochore separation does not cause any harm in ana-
The above kinetochore/centromere behavior is strik-phase.
ingly different from those of typical mammals (RiederWhen are sister centromeres actually separated in
and Salmon, 1994) and that of the fission yeast S. pombebudding yeast? They appear to be separated in the early
(Funabiki et al., 1993; Saitoh et al., 1997; Nabeshima etstage of cell cycle, probably during the S phase, be-
al., 1998; Goshima et al., 1999). An explanation is thus
cause a significant fraction of cells arrested by hydroxy-
required for why the budding yeast kinetochores are
urea contain split centromeres. Separated sister kineto-
separated early in the cell cycle. We would like to pro-
chores were also observed in cells with a very small bud pose that duplicated sister centromere DNAs are bound
or on the very short spindle. It is known that timing of to kinetochore microtubules that may pull apart the sis-
replication for centromere DNAs is early in the S phase ter kinetochores. One possible reason for such early
(McCarroll and Fangman, 1988). Replication and separa- association between spindle microtubules and kineto-
tion of centromeres might be temporally linked. Byers chores may be the tiny size of the centromere sequences
and Goetsch (1975) clearly showed that the SPB is dupli- in budding yeast, which may not be easily recognized or
cated at the time of bud emergence that coincides with captured by microtubules if kinetochores move rapidly
the onset of chromosome replication. The formation of along the prometaphase spindle. The large size of cen-
the short spindle is nearly coincident with the comple- tromere DNAs may be needed for capture by microtu-
tion of replication. We show that separated sister kineto- bules during the rapid movement of kinetochores along
chores are positioned near, but distinct from, the sepa- the spindle. If this movement of sister chromatids before
rated SPBs, but sister arms remain associated until separation is unavoidable due to dynamic properties of
spindle elongation. Budding yeast kinetochores/centro- the spindle, budding yeast might have devised a way
meres are always closely positioned to, though they to prepare the linkage between the sister centromeres
may not be directly associated with, the SPBs. and the spindle poles long before the entry into mitosis
How then do kinetochore microtubules function in to ensure high-fidelity segregation of chromosomes.
budding yeast? Kinetochore microtubules in higher eu- The centromeres of budding yeast might be bound to
kinetochore microtubules throughout the cell cycle.karyotic cells associate with chromosomal kinetochores
Preearly Centromere Separation in Budding Yeast
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ade8 can1/1). LEU1 heterozygous transformant cells were dis-The effect of nocodazole on separated kinetochores
sected by tetrad analysis. Gene disruption was verified by Southernand SPBs may explain why cells arrested by the spindle
blotting (data not shown). Only two spores of the tetrad were viable,checkpoint resume mitosis upon removal of the drug.
and those spores were leu2, indicating that MTW1 was essential for
In the presence of nocodazole, sister centromeres were cell viability.
reassociated and the SPBs were close together, proba-
bly due to the disappearance of the spindle, leading to Isolation of mtw1-1 Mutant
The fission yeast mis12-537 gene, which had been amplified bythe apparent reversal of centromeres and SPBs to the
PCR from genomic DNA of S. pombe h2 mis12-537 strain, wasearly stage in mitotic apparatus formation. This would
sequenced. A substitution at the 52nd position from Gly to Glu wasmechanically ensure that cells can reinitiate spindle
found. The MTW1-1DN fragment, in which 64Gly65Val (ggagtt) wasstructure formation after removal of the drug. Based on
changed to 64Glu65Leu (gagctc) by PCR mutagenesis and the N-ter-
the finding of reassociation of sister kinetochore DNAs minal 81 bp of MTW1 gene was deleted, was cloned into TRP1
in the absence of the spindle, colocalization of CEN DNA integration plasmid made in this study, and ADH1 transcription ter-
mination sequences were added. The resulting pMTW1-1[trp] waswith Ndc10p, and visualization of only 1 kb long LacO,
linearized with NcoI and introduced into the haploid wild-type strainit is very unlikely that integration of LacO and TetO re-
at the endogenous MTW1 locus. Integration via homologous recom-peats on the centromere regions leads to artificial disso-
bination and introduction of mutations were verified by Southernciation of sister centromeres.
blotting and PCR amplification. The mtw1-1 strain thus obtained
We advise that interpretation and generalization of formed colonies at 268C but not at 368C.
the budding yeast centromere/kinetochore behavior
and cell cycle regulation related to the control of kineto- Introduction of LacO Repeat into Centromere Proximal Region
The centromere proximal regions (bp 116801±117791, z3 kb to thechore behavior should be made cautiously. Of particular
right of CEN3; bp 325382±326387, z1 kb to the left of CEN15),interest is the implication for the role of cohesin that is
containing a SacI site at the CEN proximal terminus and a KpnI siteenriched in the centromeres even in metaphase (Blat
at the CEN distal terminus, were amplified by PCR from S. cerevisiaeand Kleckner, 1999; Megee et al., 1999; Tanaka et al.,
genomic DNA. This fragment and the LacO repeat (Straight et al.,
1999), during which sister centromeres are already sepa- 1996) were both cloned into yeast integration plasmid YIplac211
rated. Cohesin, for example, might play a catalytic role containing URA3 gene. Plasmids were transformed into LacI-GFP
expressing ura2 cells after linearization with BglII (CEN3) or SacIIrather than function as a structural link so that it may
(CEN15). Southern blotting was done on the genomic DNAs of theaccumulate on the preseparated centromeres while its
CEN3(3.8)-GFP strain digested with SacI/KpnI or SacI/SmaI. Thesubstrate might be later bound or inactivated. Some
probe used was a PCR-amplified CEN fragment (bp 116801±budding yeast kinetochore proteins may be required for
117791). For the CEN15(1.8)-GFP strain, genomic DNAs were di-
the specific role of early separation or maintenance of gested with SacI or BglII/EcoRI, and Southern blotting was done
separated sister kinetochores until spindle elongation, using PCR-amplified CEN region (bp 325382±326387) as the probe.
Detection of the expected bands (data not shown) confirmed theand some kinetochore proteins such as Ndc10p may
integration, via homologous recombination, at the centromere proxi-also exist along the spindle between the separated cen-
mal regions. Native genes located near CEN3 and CEN15 were nottromeres to ensure separation of sister kinetochores.
disrupted by integration of LacO sequences. The URA3 marker of
the CEN3(3.8)-GFP strain was linked to the LEU2 (z23 kb to the left
Experimental Procedures of CEN3) locus (PD:TT:NPD 5 26:7:0). For the experiments at 368C,
thermo-stable LacI-GFP (pAFS144 ; Straight et al., 1998) was used.
Strains, Media, and Culture Media
The complete YPD (1% yeast extract, 2% polypeptone, and 2% Microscopy
glucose) and minimal SD (0.67% yeast nitrogen base w/o amino Immunofluorescence microscopy using anti-tubulin and anti-GFP
acids, and 2% glucose) media were used for culturing of S. cerevis- antibodies was done after formaldehyde fixation as described by
iae. Strains used for gene disruption of MTW1 and integration of Pringle et al. (1991). Cells were fixed by 3.7% formaldehyde for 2.5
MTW1 tagged with GFP were previously described (Toda et al., hr and then stained by anti-tubulin TAT1 (1:50 dilution; Woods et
1985). All other experiments used strains with W303 background al., 1989), anti-Myc monoclonal 9E10 (Calbiochem; 1:100 dilution),
(derivatives of strain W303-1a; Mat a ade2-101 ura3-1 leu2-3,112 and anti-GFP polyclonal (Clontech; 1:500 or 1:200 dilution) antibod-
trp1-1 his3-11 can1-100). LB (0.5% yeast extract, 1% polypeptone, ies after methanol/acetone treatment. For immunofluorescence mi-
and 1% NaCl at pH 7.5) medium was used to grow Escherichia coli croscopy to visualize microtubules in the MTW1-GFP integrant, the
MM294 and STBL2. methanol fixation method (Hagan and Hyams, 1988) was used in
order to maintain the signals of GFP. Ethanol fixation also allowed
Epitope Tagging direct observation of the LacI-GFP signals without the use of anti-
A NotI site was introduced at the termination codon of the MTW1 GFP antibodies. DAPI was used for the staining of DNA after fixation,
gene by PCR mutagenesis, and the resulting EcoRV-NotI fragment and Hoechst 33342 to stain DNA of nonfixed cells. The DAPI staining
was cloned into the integration vector pYC11 (Chikashige et al., of mtw1-1 cells was done after 2.5% glutaraldehyde fixation (Adachi
1989). The NotI-SacI cassette containing GFP (or 8xMyc, ECFP and Yanagida, 1989). For observing living cells, wide-field deconvo-
[Clontech]) and nmt1-polyA-tail was inserted at the end of the MTW1 lution 3D microscopy system, DeltaVision program (Applied Preci-
gene. The resulting plasmid was introduced into the haploid wild- sion, Inc., Seattle, WA), was used without optical fiber illumination
type strain at the endogenous MTW1 locus after linearization with as described in Haraguchi et al. (1999). Every 60 s, 4 optical sections
SnaBI. The integrants of CTF19-Myc, NDC10-GFP, and TUB4-GFP (0.1 s exposure time) were collected (vertical separation 0.4 mm) at
were similarly constructed. These strains grew normally, indicating 268C.
that the epitope-tagged genes were fully functional.
Chromatin Immunoprecipitation and Immunological Methods
Chromatin immunoprecipitation (CHIP) and immunological methodsGene Disruption
One-step gene replacement (Rothstein, 1983) was employed. The employed the procedure described by Saitoh et al. (1997). For
ndc10-1 mutant, cells cultured at 368C for 2.5 hr were used forEcoRV fragment (20 bp) in the coding region of the MTW1 gene was
replaced with the S. cerevisiae LEU2 gene, and this disrupted MTW1 formaldehyde fixation. Anti-Myc antibody 9E10 (Calbiochem) was
used for immunoprecipitation, and portions of immunoprecipitatedDNA fragment was used for transformation of the diploid strain,
SP1/DC124 (Mat a/a leu2/leu2 ura3/ura3 trp1/trp1 his3/his4 ade8/ DNAs (1/60) were used as PCR template. The primer sequences of
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CEN3, CEN16 and CEN3 proximal regions were described by Meluh mutants to investigate the control of microtubule distribution in the
fission yeast Schizosaccharomyces pombe. J. Cell Sci. 89, 343±357.and Koshland (1997). CEN16 proximal primers (59-AGGTCCTTC
AATTCGTCTGC-39 and 59-CGCCATCAATACCTGTATTAG-39) were Haraguchi, T., Ding, D.-Q., Yamamoto, A., Kaneda, T., Koujin, T.,
synthesized. PCR products were separated on 2.5% agarose gels and Hiraoka, Y. (1999). Multiple-color fluorescence imaging of chro-
and visualized by ethidium bromide. For immunoblotting, cell ex- mosomes and microtubules in living cells. Cell Struct. Funct. 24,
tracts were prepared using HB buffer (Moreno et al., 1989). 294±298.
Hyland, K.M., Kingsbury, J., Koshland, D., and Hieter, P. (1999).
Hydroxyurea and Nocodazole Treatment Ctf19p: a novel kinetochore protein in Saccharomyces cerevisiae
Hydroxyurea and nocodazole were added to 100 mM and 15 mg/ml and a potential link between the kinetochore and mitotic spindle.
to mid-log YPD cultures at 268C, respectively. After 2.5 hr incubation, J. Cell Biol. 145, 15±28.
cells were fixed with ethanol and observed for fluorescence micros-
Ikeno, M., Grimes, B., Okazaki, T., Nakano, M., Saitoh, K., Hoshino,copy or used for FACS analysis.
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of YAC-based mammalian artificial chromosomes. Nat. Biotechnol.Acknowledgments
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